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ABSTRACT
We report evidence from APOGEE for the presence of a new metal-poor stellar
structure located within ∼4 kpc of the Galactic centre. Characterised by a chemical
composition resembling those of low mass satellites of the Milky Way, this new in-
ner Galaxy structure (IGS) seems to be chemically and dynamically detached from
more metal-rich populations in the inner Galaxy. We conjecture that this structure is
associated with an accretion event that likely occurred in the early life of the Milky
Way. Comparing the mean elemental abundances of this structure with predictions
from cosmological numerical simulations, we estimate that the progenitor system had
a stellar mass of ∼ 5× 108M, or approximately twice the mass of the recently discov-
ered Gaia-Enceladus/Sausage system. We find that the accreted:in situ ratio within
our metal-poor ([Fe/H]<–0.8) bulge sample is somewhere between 1:3 and 1:2, con-
firming predictions of cosmological numerical simulations by various groups.
Key words: Galaxy: formation – Galaxy: halo – Galaxy: chemistry and kinematics
1 INTRODUCTION
According to the prevailing formation paradigm, galaxy
mass assembly takes place in great measure through the
accretion of low mass structures. It follows naturally that
? E-mail: D.HortaDarrington@2018.ljmu.ac.uk
the accretion history of a galaxy plays a key role in defining
how its various components are organized today. Our own
Galaxy is no exception. Much of the accretion activity of the
Milky Way has happened in the early stages of its formation,
and the footprints are frozen in the chemo-dynamical record
of its halo stellar populations. Since the seminal papers by
Eggen et al. (1962) and Searle & Zinn (1978), many groups
© 2020 The Authors
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sought to characterise halo stellar populations, associating
them with in situ formation or an accretion origin. Detec-
tion of substructure in phase space has worked very well for
the identification of ongoing and/or recent accretion events
(e.g., Ibata et al. 1994; Helmi et al. 1999; Majewski et al.
2003; Belokurov et al. 2006). However, phase mixing makes
the identification of early accretion activity that occurred
during the first few Gyr of the Milky Way’s life more dif-
ficult, requiring additional information, usually in the form
of detailed chemistry (e.g., Nissen & Schuster 2010; Hayes
et al. 2018; Mackereth et al. 2019).
The combination of data from the Gaia satellite (Gaia
Collaboration et al. 2018) and chemistry from massive high
resolution spectroscopic surveys (e.g., Gilmore et al. 2012;
Majewski et al. 2017; Martell et al. 2017) is transforming
this field. In the past few years, several distinct satellite ac-
cretions have been suggested by various groups, including
the Gaia-Enceladus/Sausage system (Haywood et al. 2018;
Helmi et al. 2018; Belokurov et al. 2018; Mackereth et al.
2019), Sequoia (Myeong et al. 2019), the Kraken (Kruijssen
et al. 2019b), and Thamnos 1 and 2 (Koppelman et al. 2019).
More recently, a number of additional structures were iden-
tified by Naidu et al. (2020) on the basis of data collected as
part of the H3 survey (Conroy et al. 2019). While the real-
ity of some of those events still needs to be fully established
(e.g., Jean-Baptiste et al. 2017; Koppelman et al. 2020), it
certainly is clear that we are just scratching the surface and
the field is ripe for exciting new findings in the near future.
The central few kpc of the Galactic halo are obviously
extremely important when it comes to retelling the early
accretion history of the Milky Way and discerning the con-
tribution of in situ formation to the stellar halo mass. As-
suming a single power law density profile with exponent
α = −2.96 (Iorio et al. 2018, Horta et al. 2020, in prep.)
with spherical symmetry, roughly 50% of the halo stellar
mass (out to RGC ∼30 kpc) is located within ∼3 kpc of the
Galactic centre. Moreover the inner few kpc of the Galaxy is
the region one would expect to host most of the early in situ
halo star formation, including the oldest stars in the Galaxy
(e.g., Tumlinson 2010; Savino et al. 2020), as well as the rem-
nants of early accretion events driven there by dynamical
friction (e.g., Tremaine et al. 1975; Pfeffer et al. 2020). Ob-
servational access to inner halo populations is however quite
difficult. They inhabit a region of the Milky Way that by
convention is referred to as the Galactic bulge, whose stellar
population content consists of a superposition of structures
that are far more densely populated than the halo itself,
including the thick and thin disks, and the bar (e.g., Ness
et al. 2013a,b; Rich 2013; Nataf 2017; Barbuy et al. 2018).
Moreover, observational access is made difficult by severe ex-
tinction towards the inner several degrees from the Galactic
centre.
Since the groundbreaking work by Rich (1988), a truly
herculean effort has been invested by several groups towards
mapping the stellar population content of the Galactic bulge,
mostly based on optical spectroscopy (e.g., McWilliam &
Rich 1994; Ibata et al. 1994; Zoccali et al. 2006; Fulbright
et al. 2007; Howard et al. 2008; Gonzalez et al. 2011; Rich
et al. 2012; Garc´ıa Pe´rez et al. 2013; Rojas-Arriagada et al.
2014; Ryde et al. 2016; Rojas-Arriagada et al. 2017) 1. How-
ever, until very recently, the detailed chemistry of the metal-
poor population inhabiting the inner few kpc of the Galac-
tic centre has been poorly characterized, with most stud-
ies being based on small samples with metallicities below
[Fe/H] ∼ −1. With the advent of the Apache Point Observa-
tory Galactic Evolution Experiment (Majewski et al. 2017),
detailed chemistry (combined with precision radial veloci-
ties) has recently been obtained for a statistically significant
sample of metal-poor stars within a few kpc of the Galactic
centre. A number of studies resulted from that still growing
database. Nidever et al. (2012) identified cold velocity peaks
in the radial velocity distribution of stars within ∼ 20◦ of the
Galactic centre, which may be associated with resonant bar
orbits (Molloy et al. 2015). Garc´ıa Pe´rez et al. (2013) identi-
fied some of the most metal-poor stars known in the Galactic
bulge; Zasowski et al. (2016) showed that the kinematics of
metal-poor bulge stellar populations is dynamically hotter
than that of their metal-rich counterparts; Schultheis et al.
(2017) found evidence for the presence of a young component
among the bulge stellar populations, in agreement with pre-
vious work; Schiavon et al. (2017) discovered a large number
of field stars likely resulting from the destruction of an early
population of globular clusters; Garc´ıa Pe´rez et al. (2018)
studied the metallicity distribution function (MDF) of bulge
populations; Zasowski et al. (2019) scrutinised the detailed
chemistry of bulge populations, showing that they seem to
be consistent with a single evolutionary track, across a wide
metallicity range; and Queiroz et al. (2020, in prep.) made a
detailed characterization of bulge stellar populations on the
basis of their kinematics and chemistry.
In this paper we report evidence based on APOGEE
spectroscopy, Gaia DR2 distances, and EAGLE numerical
simulations, for the presence of a metal-poor stellar popula-
tion within ∼4 kpc of the Galactic centre, that is both chem-
ically and dynamically distinct from its co-spatial, more
metal-rich counterparts. We argue that this population is
likely the remnant of a massive accretion event that proba-
bly occurred in the early stages of the Milky Way formation.
Due to its location at the heart of the Galaxy, we name this
system the Inner Galaxy Structure (IGS). In Section 2 we
briefly describe the data upon which this work is based, and
our sample selection criteria. In Section 3 we discuss the
chemical criteria to distinguish accreted from in situ pop-
ulations. In Section 4 we discuss the identification of sub-
structure in integrals of motion (IoM) space, arguing that
the newly identified structure is dynamically detached from
other components of the inner Galaxy. Section 5 presents a
discussion of the chemical properties of the new structure,
where we provide evidence that it is chemically detached
from the other populations inhabiting the inner Galaxy. In
Section 6 we discuss the origins of the metal-poor stellar
populations providing an assessment of the contribution of
1 This is of course an incomplete list. For a more comprehen-
sive account of previous observational work see reviews by Rich
(2013), Nataf (2017) and Barbuy et al. (2018).
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accreted and in situ populations to the stellar mass budget
of the inner halo. We also estimate physical properties of the
putative satellite progenitor of the IGS, such as mass and
star formation history. Our conclusions are summarised in
Section 7.
2 DATA AND SAMPLE
This paper is based on a combination of data from the
SDSS/APOGEE survey (Blanton et al. 2017; Majewski et al.
2017), data release 16 (DR16, Ahumada et al. 2019), with
6D phase information and orbital parameters inferred from
Gaia DR2 distances and proper motions (Gaia Collabora-
tion et al. 2018) and APOGEE radial velocities (Nidever
et al. 2015). We make use of the distances from Leung &
Bovy (2019b) for the APOGEE DR16 data, generated using
the astroNN python package (for a full description see Le-
ung & Bovy 2019a). These distances are determined using a
previously trained astroNN neural-network, which predicts
stellar luminosity from spectra using a training set compris-
ing of stars with APOGEE spectra and Gaia DR2 parallax
measurements (Gaia Collaboration et al. 2018). The model is
able to simultaneously predict distances and account for the
parallax offset present in Gaia-DR2, producing high preci-
sion, accurate distance estimates for APOGEE stars, which
match well with external catalogues and standard candles.
Orbital parameters were calculated using the publicly avail-
able code galpy 2 (Bovy 2015; Mackereth & Bovy 2018),
and employing a McMillan (2017) potential. We checked the
quality of the Gaia astrometry for the whole sample finding
that, save for a very small number of outliers, the renor-
malized unit weight error (RUWE) for our bulge sample is
within the safe recommended region (RUWE<1.44)3, which
speaks for the reliability of our orbital parameters.
APOGEE data are based on observations collected with
twin high resolution multi-fiber spectrographs (Wilson et al.
2019) attached to the 2.5 m Sloan telescope at Apache Point
Observatory (Gunn et al. 2006) and the du Pont 2.5 m tele-
scope at Las Campanas Observatory (Bowen & Vaughan
1973). Elemental abundances are derived from automatic
analysis of stellar spectra using the ASPCAP abundance
pipeline (Garc´ıa Pe´rez et al. 2016). The spectra themselves
were reduced by adoption of a customized pipeline (Nide-
ver et al. 2015). For a detailed description of the APOGEE
data, see Jo¨nsson et al. (2020) for DR16 and Holtzman et al.
(2015, 2018) and Jo¨nsson et al. (2018) for previous data
releases. For details on targeting procedures, see Zasowski
et al. (2017).
The parent sample upon which our work is based is
defined as follows. Stars were selected from the DR16 cata-
log that match the following criteria: 4000 < Teff < 6000 K,
1 < log g < 3, [Fe/H]> −1.7, S/N>70, derr/d < 0.2 (where d
2 https://github.com/jobovy/galpy
3 See discussion in https://www.cosmos.esa.int/web/gaia/dr2-
known-issues
Figure 1. Parent and bulge sample displayed in the [Mg/Mn] vs.
[Al/Fe] plane. The 2D histogram shows the entire parent sam-
ple, and the red dots highlight stars located at RGC < 4 kpc. The
black solid line defines our criterion to distinguish in situ from ac-
creted populations. The dotted line further splits the latter group
between low- and high-α stars. See details in Section 2.
and derr are distance and its uncertainty). The S/N and stel-
lar parameter criteria are designed to maximise the quality
of the elemental abundances, minimising systematic effects
at low and high Teff , minimising/eliminating contamination
by AGB and nearby dwarf stars at low and high log g, respec-
tively, and stars with very low metallicity, for which abun-
dances of elements such as Mn and N become uncertain.
We also remove stars for which ASPCAP did not provide
reliable abundances for Fe, Mg, Al, and Mn, and any stars
with STAR_BAD flags set. Finally, 6,022 globular cluster stars,
identified following the procedure described by Horta et al.
(2020), were also removed from consideration. The resulting
parent sample contains 144,490 stars with high quality el-
emental abundances and phase space information, 6,350 of
which are located within RGC = 4 kpc of the Galactic centre.
3 CHEMICAL DISTINCTION BETWEEN
ACCRETED AND IN SITU POPULATIONS
Our first task is to distinguish stars within our parent sam-
ple that were formed in situ from those that were likely
accreted. For that purpose we display the parent sample
on the [Mg/Mn] vs. [Al/Fe] plane in Figure 1. Das et al.
(2020) showed that stars in the APOGEE DR14 sample
occupied three major distinct loci on this plane (see also
Hawkins et al. 2015). Most of the stars occupy two large
concentrations which, in the DR16 data, are centered at
([Al/Fe],[Mg/Mn]) ∼ (0,0) and (0.3,0.4), corresponding to
the low- and high-α disk populations, respectively (e.g.,
Bovy et al. 2012; Bensby et al. 2014; Nidever et al. 2014;
Hayden et al. 2015; Mackereth et al. 2017; Queiroz et al.
2020). A third group of stars populates a more diffuse
“blob” apparent in Figure 1, which is centered roughly at
([Al/Fe],[Mg/Mn]) = (–0.2,0.5), which Das et al. (2020) as-
sociate with an accreted origin. That association was origi-
nally proposed by Hawkins et al. (2015), who identified ac-
creted halo stars as those with high radial velocities, low
MNRAS 000, 1–22 (2020)
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[α/Fe], and which depart from the relation between radial
velocity and Galactic longitude defined by disk stars. The
solid line in Figure 1 defines the locus occupied by accreted
stars in that chemical plane (top left corner). According to
Das et al. (2020), all stars to the right and below that line are
thus deemed to have formed in situ. The latter population
is further divided into two sub-classes characterized by low
and high α-element abundances, as indicated by the dotted
line in Figure 1. In total our in situ and accreted samples
contain 141,514 and 2,976 stars, respectively.
The red points on top of the 2D histogram in Figure 1
include only stars within 4 kpc of the Galactic centre. A
sizable sub-sample of these so-called bulge stars are located
in the accreted locus of chemical space, suggesting that the
bulge may host an accreted population. Our sample contains
463 supposedly accreted stars within 4 kpc of the Galac-
tic centre, modulo a contamination by stars formed in situ,
which we estimate by different means in Sections 3.1 and
4.2.
3.1 Predictions from chemical evolution models
Before proceeding with our analysis, it is interesting to ex-
amine the association of abundance patterns and stellar ori-
gin on the basis of standard Galactic chemical evolution
modelling. In this way we hope to ground the empirical defi-
nition of accreted vs. in situ chemistry on a theoretical basis.
Figure 2 displays the bulge population on the same chemical
plane as Figure 1, but now overlaid by two chemical evolu-
tion models starting from the same initial chemical com-
position, calculated using the flexCE package by Andrews
et al. (2017). The red line shows the “fiducial” model cal-
culated by those authors, with parameters chosen to match
the properties of the stellar populations in the solar neigh-
bourhood. We adopt it as a proxy for the behaviour of an in
situ population. The blue line represents a model calculated
by Hasselquist et al. (2020, in prep.) to match the properties
of the Gaia-Enceladus/Sausage system, which we therefore
choose to mimic the expected behaviour of accreted popu-
lations. The parameters adopted for each model are listed
in Table 1. While the fiducial model adopts a standard ex-
ponentially decaying inflow law, that for the accreted pop-
ulation follows a dependence of the te−t type. Both models
adopt a Kroupa (2001) IMF with stellar mass ranging from
0.1 to 100 M. In both models the distribution of time de-
lays before the occurrence of SN Ia is an exponential with
timescale 1.5 Gyr and a minimum delay time of 150 Myr.
Tests were performed to verify that the overall mass scaling
is not important for chemical evolution. The deciding fac-
tors in fact are the ratio between initial and inflow masses,
the outflow mass loading factor, and the star formation effi-
ciency.
The filled circles along the model lines indicate the po-
sitions at evolutionary time t = 300 Myr, 1 Gyr, and 5 Gyr.
The black cross on both curves indicates the point at which
the models reach [Fe/H]=–0.8. The models are far from a
perfect match to the data, but provide a reasonable quali-
Table 1. Parameters adopted for chemical evolution models in
Figure 2
Parameter In Situ Accreted
Initial gass mass 2 × 1010M 3 × 109M
Inflow mass scale 3.5 × 1011M 6 × 1010M
Outflow mass loading factor 2.5 6
Star formation efficiency 1.5 × 10−9yr−1 1.0 × 10−10yr−1
Exponential inflow timescale 6.0 Gyr 2.5 Gyr
Figure 2. APOGEE sample for stars with RGC < 4 kpc compared
with chemical evolution models. The red line shows a model for
a Milky Way like galaxy and the blue line the model for a dwarf
satellite. The models start from the same chemical composition.
The filled circles indicate the positions along the evolution af-
ter t = 0.3, 1, and 5 Gyr after the beginning of chemical evolu-
tion. The black cross in both curves indicates the point at which
[Fe/H]=–0.8. Evolution of the massive galaxy is a lot faster, but
the star formation rate is much higher, so the two systems are ex-
pected to produce similar total stellar mass within the “Accreted”
area of the diagram.
tative description of the main trends, which suffices for our
purposes.
The first point to be taken from this model comparison
is that the “Accreted” region of chemical space in Figure 1
is inhabited by old metal-poor stars from both models, sug-
gesting that both in situ and accreted stars share that area
of chemical space. In fact, the accreted stars in halo samples
are located in that particular locus of Figure 1 not due to an
intrinsic evolutionary property of dwarf galaxies, but rather
because their star formation was quenched at the moment
when they were disrupted while merging into the Milky Way.
As a result, all the stars ever formed by such accreted sys-
tems inhabit the unevolved region of Figure 1. The natural
implication of this conclusion is that the “Accreted” region
of the chemical plane in Figure 1 is likely to also contain
stars that were in fact formed in situ.
Secondly, one can try to exploit the different timescales
and star formation rates of the two models to attempt a zero-
th order estimate of the expected contribution of in situ and
accreted populations to our sample within the “Accreted”
MNRAS 000, 1–22 (2020)
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Figure 3. Raw metallicity distribution functions of accreted and
in situ populations within RGC < 4 kpc, selected as described in
the text. The accreted population straddles the metal-poor end
of the bulge MDF, with [Fe/H]< −0.8. It overlaps strongly with
in situ populations, particularly in the high metallicity end.
region of chemical space. It is clear that chemical enrich-
ment proceeds at a much faster pace in the in situ model,
whose gas leaves the “Accreted” region of the chemical plane
at t ∼ 250 Myr. Conversely, the gas in the low mass galaxy
remains within the “Accreted” locus for about ∼3 Gyr. On
the other hand, the star formation rate at the early stages
of the evolution of the high mass galaxy, according to the
models, is of the order of ∼ 20 M yr−1, whereas in the case
of the dwarf galaxy it is ∼ 0.3 M yr−1. Therefore, consider-
ing the characteristic star formation rates and timescales for
the two types of systems, one would expect that the total
stellar mass associated with in situ and accreted populations
in the “Accreted” region of Figure 1 to be of the same order
of magnitude. In Section 6.1.1 we provide a more accurate
estimate of the contribution of in situ and accreted popu-
lations to the stellar mass budget of the metal-poor bulge,
based on their distributions in the E − Lz plane.
We conclude that, on the basis of position on the
[Mg/Mn] vs. [Al/Fe] plane, it is in principle impossible to
completely separate in situ from accreted stars. However, we
argue that the clumpy nature of the distribution of stellar
populations in Figure 1 speaks in favour of a different origin
for at least part of the stellar populations in the “Accreted”
region of that plane, and those in the in situ region. In Sec-
tion 4.2 we show that by imposing selection criteria based on
orbital parameters it is possible to keep the contamination
of our accreted sample to an acceptable level.
4 DETECTION OF SUBSTRUCTURE IN IOM
SPACE
4.1 Raw MDFs and the definition of our
metal-poor sample
In this section we examine the orbital properties of accreted
and in situ stellar populations, as defined in the previous
section. We begin this exercise by focusing on the orbital
properties of metal-poor populations, with an eye towards
establishing whether the chemically defined accreted and in
situ groups also differ in their orbital properties. For that
purpose, we must first define where we draw the line between
metal-poor and metal-rich populations.
We begin by examining the metallicity distribution of
the sub-populations defined in Figure 1 in order to deter-
mine the [Fe/H] threshold defining “metal-poor” stars for
the purposes of our exercise. The raw metallicity distribu-
tion functions of the accreted, high- and low-α populations
are displayed in Figure 3, together with that for the entire
RGC < 4 kpc population. We stress that this raw MDF is
not corrected for selection effects, so it is presented here
just as a rough guide to the relative metallicities covered
by the populations defined in Figure 1. The MDFs of the
high- and low-α populations cover the thin disk, bar, and
thick disk structures identified in previous works (e.g., Ness
et al. 2013a; Rojas-Arriagada et al. 2017; Garc´ıa Pe´rez et al.
2018, Rojas-Arriagada et al. 2020, in prep.). The accreted
population overlaps substantially in [Fe/H] with the high-
α population, extending all the way to [Fe/H]∼ −0.8 with
a tail towards higher metallicity. As a compromise between
obtaining a good representation of the accreted and high-
α populations, without pushing too far into the metal-rich
regime, we adopt an [Fe/H]=–0.8 cutoff. Henceforth, when
referring to the ”metal-poor”bulge, unless otherwise noticed,
we mean stars with [Fe/H]<–0.8. In Section 5.2 we go be-
yond a simple MDF approach in order to better explore the
chemical complexity of bulge stellar populations. Since our
goal in this Section is simply to contrast orbital properties of
accreted and in situ stars within the same metallicity regime,
a straight [Fe/H] cutoff should suffice.
4.2 Orbital properties of metal-poor stars
In Figure 4 metal-poor stars ([Fe/H]<–0.8) are displayed on
the energy vs angular momentum plane. In the top panel
stars in the in situ locus of Figures 1 and 2 are displayed,
whereas accreted stars are shown in the bottom panel. The
[Fe/H]<–0.8 cutoff leaves us with a sub-sample of 2,688 ac-
creted stars and 2,488 in situ stars. Of the latter, only 179
belong to the low-α group, as expected given the MDF of
the low-α disk (e.g., Hayden et al. 2015).
Arrows of different colours are placed on the positions
of the main in situ and accreted structures identifiable in the
E − Lz plane, which stand out in the top and bottom panels,
respectively. The positioning of the arrows in both panels
are exactly the same, to guide the eye. In the top panel, the
main in situ structures identifiable are the low-α/thin disk,
indicated by the orange arrow, high-α/thick disk stars are in-
dicated by the black arrow. An extended prograde “branch”
at about E/105 ∼ −1.75 km2s−2, which seems to be associ-
ated with the “Splash” population identified by Belokurov
et al. (2019), is indicated by the green arrow. Because of
the focus on the metal-poor end of the parent sample, these
structures are relatively weak, but in the Appendix the loci
MNRAS 000, 1–22 (2020)
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Figure 4. Distribution of metal-poor ([Fe/H]<–0.8) bulge stars in
the energy-angular momentum plane. The top panel shows in situ
stars and their accreted counterparts are displayed in the bottom
panel. Arrows indicate the positions of the main structures visible
on this plane: thin disk (orange arrow), thick disk (black arrow),
Splash (green arrow), Gaia-Enceladus/Sausage (GE/S, blue ar-
row), and the inner Galaxy Structure (IGS, red arrow). The low-
and high-α disks and the Splash show prominently in the in situ
population (top) panel, whereas the GE/S and IGS can be clearly
distinguished in the accreted population (bottom panel).
of these populations on the IoM place are shown in better
detail.
The clumpy distribution of accreted populations in
IoM space is clear even under a casual visual inspec-
tion of the bottom panel of Figure 4. By far the most
prominent substructure is the large “blob” centered around
Lz ∼ 0 km s−1kpc and E/105 ∼ −1.5km2 s−2 (blue ar-
row) which is associated with the Gaia-Enceladus/Sausage
(GE/S) system (Haywood et al. 2018; Belokurov et al. 2018;
Helmi et al. 2018; Mackereth et al. 2019), and is com-
pletely absent in the top panel where in situ populations
are displayed. Other visually discernible substructures in
the bottom panel which are absent in the top panel are
the following: (i) another smaller less extended structure
to the left of GE/S (E/105 ∼ −1.75 km2s−2, and Lz/103 ∼
−0.6 kpc km s−1), which was originally identified by Kop-
pelman et al. (2019), who named it Thamnos; (ii) A more
difuse cloud of prograde stars (Lz/103 >∼ 0.6 kpc km s−1)
at high energy (E/105 >∼ −1.5 km2 s−2), which is associated
with the Helmi stream (Helmi et al. 1999). (iii) a low energy
cluster centred at Lz/103 ∼0.1 km s−1kpc (red arrow) with
energies in the interval −2.6 <∼ E/105 <∼ −2.0 km2s−2, whose
position coincides with that of the low energy (L-E) fam-
ily of globular clusters identified by Massari et al. (2019).
The bulk of the stars associated with this group are located
within ∼4 kpc of the Galactic centre, so we refer to it as the
Inner Galaxy Structure (IGS).
One can readily spot significant differences between the
two panels, which at face value validate the chemical dis-
tinction between accreted and in situ populations. Features
associated with well known in situ populations, such as the
high- and low-α disks and the Splash (c.f. Figure A2) show
much more prominently in the top panel, and nearly vanish
in the bottom panel. Conversely, the GE/S system stands
out in the bottom panel and is absent in the top panel.
An energy gap is clearly visible in the bottom panel
at about E/105 ∼ −1.9 km2s−2, which separates stars be-
longing to the GE/S and the Splash from stars belonging
to the IGS. In the top panel, that gap is filled by stars be-
longing to the thick disk and the Splash, which present a
predominantly smooth distribution, much as expected from
numerical simulations of Milky Way-like disks undergoing
satellite accretion (e.g., Jean-Baptiste et al. 2017). This en-
ergy gap is not entirely empty in the accreted sample, which
is partly due to measurement errors and partly due to the
fact that in situ structures, in particular the high-α disk and
the Splash make a small, but noticeable, contribution to the
data in the bottom panel. This is to be expected on the
basis of our discussion in Section 3, where we showed that
standard chemical evolution models predict in situ contam-
ination in our accreted sample. Under this interpretation
of the data, the distribution of the chemically-defined ac-
creted sample in E − Lz space consists of two overlapping
populations: one of them consists of various clumps associ-
ated with accreted structures, most prominently the GE/S
and the IGS, and the other is comprised of a predominantly
smooth, metal-poor, residual contamination associated with
high-α disk stars, which include both the unperturbed disk
and the “Splash”.
These results suggest that the IGS is dynamically de-
tached from other metal-poor populations in the halo and
disk. This is an important result, so it is vital that the reality
of this energy gap is firmed up quantitatively. To do that we
measure the ratio between the number of stars with energies
within the gap and those below it in both the accreted and
in situ samples. We consider stars within the gap to have
energies given by −2.00 < E/105 < −1.85 km2 s−2 and those
below it have E/105 < −2.00 km2 s−2. The ratio in the in situ
sample is 0.40±0.04 and in the accreted sample 0.27±0.04,
configuring a difference that is significant at the 2σ level. We
thus conclude that the gap is real, and an indication of the
presence of real substructure in the distribution of accreted
stars in the low energy locus of IoM space.
Finally, it is worth mentioning that a relatively small
number of stars can be seen scattered at high energy levels
(E/105 >∼ −1.6 km2 s−2) among the in situ population (top
panel), on a wide range of angular momenta. These are pre-
dominantly low-α metal-poor stars and are likely accreted
contaminants in the in situ sample (c.f. Figure 2).
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Figure 5. Subsamples used to estimate the contamination of the
IGS sample by in situ stars. In both panels, red symbols mark
stars located within the locus in orbital space defined by the IGS
stars. Blue symbols indicate stars in a reference region of orbital
space occupied by high-α stars alone. The ratio between numbers
of red and blue stars in the in situ population (top panel) is used
to infer the number of in situ contaminants among the IGS stars
(red symbols in the bottom panel). We estimate that somewhere
between 24 and 40% of stars in our IGS sample are actually high-
α disk contaminants.
4.3 IGS definition and contamination by in situ
stars
As pointed out in the previous section, examination of Fig-
ure 4 reveals a discernible signature of in situ structures in
the distribution of accreted stars in the bottom panel of Fig-
ure 4, which overlap the IGS. Those are metal-poor in situ
stars that inhabit the “Accreted” locus of the chemical plane
in Figure 1, as discussed in Section 3.1. We can use those in
situ features that are present in the distribution of accreted
stars in IoM as a means to estimate the contamination of
in situ stars in our IGS sample. For that purpose, we must
first establish criteria for IGS membership. We define as IGS
members stars meeting the following simple orbital energy
and eccentricity criteria:
• −2.60 < EIGS/105 < −2.00 km2 s−2
• eIGS > 0.6
The energy criterion restricts the sample to the clump that
is visually identified in Figure 4. The eccentricity criterion
is aimed at minimising contamination by stars belonging to
the inner high-α disk (see Figure A2).
Next we assess that contamination, using sub-samples
of the chemically defined ”Accreted” and in situ samples,
displayed in Figure 5, overlaid on the same data originally
displayed in Figure 4. We assume that the energy distribu-
tion of stars in the high-α disk is smooth (as predicted by
simulations, see, e.g., Jean-Baptiste et al. 2017) and can be
estimated from the distribution of in situ stars in the E − Lz
plane (upper panel of Figure 5). We further assume that that
energy distribution is the same as that of the contaminants
in the accreted sample (bottom panel of Figure 5). If those
assumptions are correct, one can calculate the ratio in the
in situ sample between the numbers of low energy stars in
the IGS region, n(low E)InS (red symbols in the top panel of
Figure 5), and those in a reference high energy locus that
is free from accreted stars, n(high E)InS (blue symbols in the
top panel of Figure 5). That ratio can then be used to con-
vert the number of high energy disk stars in the accreted
sample, n(high E)Acc (blue symbols in the bottom panel of
Figure 5), into the number of contaminating disk stars in
the IGS sample, Ncont, as follows:
Ncont =
[
n(low E)
n(high E)
]
InS
× n(high E)Acc (1)
That number can then be compared to the actual num-
ber of stars meeting the above defined criteria for the IGS
in the accreted region (red symbols in the bottom panel of
Figure 5) to estimate the contamination fraction.
For that purpose we must select a region of the E − Lz
space that provides a pure sample of in situ stars belonging
predominantly to the high-α disk. We choose such a locus
by picking stars with eccentricity < 0.4 and in the energy
range −1.9 < E/105 < −1.4 km2 s−2. Stars in this reference
region and in the IGS locus defined above are displayed as
blue and red dots in Figure 5.
By proceeding in this fashion, we obtain the numbers
listed in Table 2, which mean that approximately 22% of
our IGS sample actually consist of high-α disk stars. A fun-
damental systematic uncertainty in this procedure concerns
the metallicity cut adopted for the accreted and in situ sam-
ples. The calculation above was based on the [Fe/H]=–0.8
definition of metal-poor stars adopted throughout this pa-
per. However, if a slightly more conservative cut is adopted
at, say, [Fe/H]=–1.0, the inferred contamination goes up to
40%. This is due to how the numbers in the in situ popula-
tion, particularly the reference disk stars, depend on metal-
licity. The angular momentum distribution of disk stars in
our sample is strongly dependent on metallicity. At lower
metallicity, the Lz distribution is shifted towards lower val-
ues, leading to a higher [n(lowE)/n(high)]In situ, and thus a
higher number of estimated contaminants (Ncont).
We therefore conclude that the contamination of our
IGS sample by high-α disk stars ranges between roughly 22
and 40%.
4.4 Orbital properties of bulge stars
The bulk of the stars belonging to the substructure identified
in Section 4.2 are contained within 4 kpc of the Galactic
centre. Therefore, it is useful to inspect the orbital behaviour
of in situ and accreted stars within that central volume of
the Galaxy, with an eye towards determining whether the
properties of the accreted population mimic those of their
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Table 2. Numbers for the assessment of the contamination of our IGS sample by in situ stars.
[Fe/H]cut n(low E)InS n(high E)InS n(low E)Acc n(high E)Acc %cont
–0.8 370 516 244 74 22%
–1.0 153 116 226 68 40%
Figure 6. Distribution of low-α (left panels), high-α (middle pan-
els), and accreted stars (right panels) in action space. Only stars
within RGC < 4 kpc are shown.
in situ counterparts, or whether they are distinct and cannot
be derived from the latter. Figure 6 displays high- and low-
α in situ stars of all metallicities, as well as their accreted
counterparts on various IoM spaces. Plotted as a function
of angular momentum (Lz) are the vertical action (Jz, top
panels), radial action (Jr, middle panels), and total energy
(E, bottom panels).
The shift to a focus on the inner 4 kpc causes obvi-
ous changes in the distribution of stellar populations. The
clearest one is the near complete absence of stars with
Lz/103 >∼1 kpc km s−1 in the inner Galaxy, which is under-
standable on purely geometric grounds. Interestingly, Splash
populations are nearly absent at RGC < 4 kpc. Of the three
main in situ structures apparent in Figure 4, one can only
find a mix of the low Lz high-α populations and the exten-
sion of the low-α towards lower Lz. The former also manifests
itself by the presence of stars with large Jz in the top mid-
dle panel. From the low-α disk through the high-α disk to
the accreted population, there is a consistent trend towards
a larger fraction of the stars having larger vertical and ra-
dial actions, as well as lower angular momentum. Accreted
populations are dominated by hot, low Lz kinematics.
The distribution of stars in the accreted population on
all planes differs markedly from that of their in situ coun-
terparts. To gain further confidence on the reality of this
critical result, we display in Figure 7 histograms compar-
ing the distributions of action variables of the accreted and
in situ inner Galaxy populations. We limit the comparison
to the high-α population only, since the differences between
accreted and low-α stars can be easily recognised by eye on
Figure 6.
Substantial differences can be seen in the distributions
of all integrals of motion. This is particulary obvious when
comparing the 1D distributions of each integral of motion
separately, as shown in Figure 7. We perform Kolmogorov-
Smirnoff (KS) tests comparing the distributions of accreted
and in situ populations in those variables, finding that the
two samples are not extracted from the same parent popula-
tion in Lz (p-value=1×10−34), Jz (6×10−15) Jr (7×10−7), and
E (5 × 10−6). This result persists, with decreased statistical
significance, when only metal-poor stars are considered, with
p-value<0.01 in all cases. To isolate stars that are only asso-
ciated with the IGS, we repeat the KS tests for Lz, Jz, and Jr,
by restricting the comparison only to stars with E < −2×105
km2 s−2. The results are unchanged except for the case of Jr,
for which the KS test cannot rule out the null hypothesis.
We conclude that the distribution of accreted stars in
the inner Galaxy differs from those of major in situ compo-
nents in action space. This result agrees with the findings by
Ness et al. (2013b) and Arentsen et al. (2020b), who show
that metal-poor populations are characterised by hot kine-
matics (see also Minniti 1996), even though without detailed
chemical compositions they were unable to distinguish in
situ from accreted populations. In the most detailed investi-
gation of the kinematics of bulge stellar populations to date,
Ness et al. (2013b) found that the metal-poor component of
the bulge ([Fe/H]<∼–1) does not partake in its cylindrical
rotation, being characterised by slightly lower rotation and
higher velocity dispersion (see also Zasowski et al. 2016).
We point out that the differences between accreted and
high-α in situ populations are reduced when only metal-
poor ([Fe/H]<–0.8), low-energy stars (E/105 < −2km2s−2)
are considered. In that case, the only variable for which a
residual statistically significant difference is found is Lz (p-
value=0.004). This is an interesting result. It suggests that,
if indeed the IGS is the remnant of an accretion event, it
has had the time to mix well with its co-spatial in situ pop-
ulation, which suggests a very early accretion event. We dis-
cuss this and other possible interpretations of the data in
Section 6.1 .
In summary, the chemically defined accreted popula-
tions in the bulge are not dynamically associated with their
in situ counterparts. They are dynamically hotter than the
in situ population typically possessing low angular momen-
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Figure 7. Comparison between the distributions of high-α in situ
and accreted inner Galaxy populations in action variables. Sta-
tistically significant differences can be seen in Lz and Jz, whereby
accreted stars are dynamically hotter, being distributed towards
smaller angular momentum (Lz) and larger vertical action (Jz).
The energy distributions differ substantially due to the presence
of GE/S stars with E> −2 × 105km2s−2. Removal of that contam-
ination does not change the results.
Figure 8. Same as bottom panel of Figure 4, identifying stars
deemed to be members of the GE/S system (blue dots) and the
IGS (red dots).
tum and being distributed towards large values of vertical
and radial action. We take these results as suggestive of an
accretion origin. In the next section we discuss the chemical
properties of the IGS.
5 CHEMICAL PROPERTIES
In the previous section we investigated the orbital properties
of the IGS, concluding that they are distinct from those of
co-spatial in situ populations, which supports an accretion
Figure 9. Comparison between stars from the IGS (red dots)
with their bulge counterparts (gray dots). The IGS has an abun-
dance pattern that is characteristic of those of dwarf satellites
of the Milky Way, yet they seem to form a single sequence with
the remainder of the bulge populations, even though they all are
associated with different Galactic components.
origin. In this section we examine the chemical composi-
tions of the stars from the IGS alongside those of their inner
Galaxy counterparts. Our main objective is to check whether
detailed chemistry is consistent or not with an accretion sce-
nario. In Figure 8 we display again the accreted stars shown
in the bottom panel of Figure 4, this time marking stars
deemed to be members of the IGS and GE/S systems as
red and blue dots, respectively. The IGS sample is defined
in Section 4.3. We consider members of the GE/S system
to be those stars with −0.4 < Lz/103 < 0.3 kpc km s−1 and
−1.75 < E/105 < −1.3 km2 s−2. According to these criteria,
our samples contain 259 candidate members of the IGS and
1,026 associated with the GE/S system. These definitions
are henceforth adopted in our discussion of the chemical
properties of the IGS.
In Figure 9 we contrast the stars from the IGS with
their in situ RGC < 4 kpc counterparts in chemical space.
We limit our comparison to a few elements that sample a
range of nucleosynthetic pathways, with Mg being mostly
contributed by SN II, C and N by massive and AGB stars,
and Ni by SN Ia (e.g., Chiappini et al. 2003; Nomoto et al.
2013). The latter element is additionally interesting due to
it being typically depressed in dwarf satellites of the Milky
Way (e.g., Shetrone et al. 2003). For more comprehensive
studies of the detailed abundance patterns of bulge stars,
we refer the reader to the excellent studies by Schultheis
et al. (2017) and Zasowski et al. (2019) and the review by
Barbuy et al. (2018).
Two main results emerge from this comparison: (i) the
stars belonging to the IGS have an abundance pattern that
is typical of dwarf galaxies, characterised by low abundances
of elements such as Al (by construction), C, N, and Ni (e.g.,
Hayes et al. 2018; Mackereth et al. 2019; Helmi 2020; Das
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et al. 2020)); (ii) the abundance pattern of the IGS appar-
ently behaves as a natural extension of the bulge field pop-
ulation towards [Fe/H] < −1, a result that has also been
noted by Schultheis et al. (2017) and Zasowski et al. (2019).
To be clear, this extension of the trends towards metal-poor
populations concerns only the locus occupied by stars in the
various chemical planes, not the relative counts. The latter
are examined in Section 5.2. Despite this apparent continu-
ity, it is worth noting that slight deviations of this pattern
are apparent in elements such as Mg, Ni, and Si (not shown).
Similar behaviour is seen in the data presented by Queiroz
et al. (2020)4, who examine the spatial variation of the stel-
lar distribution on the α-Fe plane across the Galactic disk
and bulge. Naively, one would consider this seeming continu-
ity between the IGS and its in situ counterparts surprising,
given the alleged accreted nature of the IGS. In Section 5.1
we show that this seeming continuity between the chemi-
cal compositions of the IGS and its more metal-rich bulge
counterparts is actually expected on the basis of numerical
simulations.
It is also worth pointing out that IGS stars with
[Fe/H]>–1.0 show a variety of different behaviours. Some
of them follow the same trend as the high-α disk in Mg, Ni,
and C+N, whereas others display a behaviour more simi-
lar to those of dwarf satellites, with low [Mg/Fe], [Ni/Fe],
and [(C+N)/Fe]. By construction, all of them display low
[Al/Fe]. We hypothesise that these metal-rich IGS stars are
a mixture of thick disk contaminants (whose low [Al/Fe] ra-
tios are difficult to understand), thin disk contaminants, and
genuine IGS members.
In summary, the results presented in this Section and
Sections 4.2 and 4.4 show that a metal-poor stellar popula-
tion located in the inner Galaxy shares chemical and IoM
properties with well known halo accreted systems. Figure 9
suggests on the other hand that the abundance pattern of
this same structure is consistent with sharing a common
chemical evolution path with its bulge counterparts poten-
tially associated with other co-spatial Galactic components.
Yet the analysis in Sections 4.2 and 4.4 suggests that the IGS
is dynamically detached from the rest of the bulge (Figures 6
and 7). This is a puzzling result. In the next subsections we
look into the theoretical expectations for the chemical evolu-
tion of Milky Way-like galaxies that underwent comparable
accretion events (Section 5.1) and inspect the data for the
presence of a chemical connection between the accreted and
in situ populations in the inner Galaxy.
5.1 Predictions from Numerical Simulations
The discussion above naturally prompts us to enquire into
the theoretical predictions for the chemical evolution of
Milky Way-like Galaxies with accretion histories similar to
4 In a recent paper, Queiroz et al. (2020b, in prep.) report the
presence of an α-bimodality in the distribution of bulge stars on
the high metallicity end of the α-Fe plane, at variance with our
results. We suspect this discrepancy may result from the adoption
of different distances by our two studies.
that seemingly implied by our results. For that purpose
we resort to the predictions from the suite of cosmologi-
cal numerical simulations by the Evolution and Assembly of
GaLaxies and their Environments (EAGLE) project (Schaye
et al. 2015; Crain et al. 2015). The question guiding this
analysis is the following: what are the chemical properties of
Milky Way like galaxies undergoing an important early ac-
cretion event? More specifically, do we expect the chemical
properties of the stars belonging to the accreted system to
differ substantially from those of the in situ population?
The EAGLE simulations provide excellent material for
this enquiry. The large volumes included in the various
sets of simulations make possible robust statistical analy-
ses of the evolutionary outcomes for a broad gamut of final
galaxy properties, and at a wide enough range of resolu-
tions to address the needs of different types of investigations.
To maximise resolution we choose to study the 253 cMpc3
L025N752-Recal simulation, whose volume is large enough
to yield a substantial number of galaxies with Milky Way-
like masses and accretion histories similar to that suggested
by our results. The chemical evolution prescriptions of the
simulations track only elements relevant to the thermal bal-
ance of the interstellar medium, yet this is sufficient for our
purposes, as predictions for crucial elements Fe, C, N, and
Mg are included. For more details on the simulations we refer
the reader to Schaye et al. (2015) and Crain et al. (2015).
The analysis was conducted as follows. We selected
galaxies with Milky Way-like masses within the interval
7 × 1011 < M200/M < 3 × 1012 and looked for those
that underwent an accretion of a satellite with stellar mass
M?/M ≥ 108 at z ≥ 2 (see Section 6.2 for an estimate of the
mass of the IGS progenitor). We found a total of 15 accreted
galaxies with such a profile (34% of the host galaxy sample
within that halo mass range). The particles for the accreted
galaxies were selected when it was at its peak stellar mass.
For three of those galaxies we display chemical composition
data in Figure 10. The data are displayed in the form of
contour maps indicating the distribution of stars on abun-
dance planes, with in situ and accreted populations shown
in gray and red, respectively. In situ populations in this con-
text are defined as stellar particles that were bound to a halo
in the main galaxy branch at the snapshot prior to star for-
mation. The abundance planes shown are Mg-Fe, C-Fe, and
N-Fe, which track the contribution of SN II, SN Ia, and AGB
stars, sampling a range of chemical enrichment timescales.
The answer to the question posed above immediately
strikes the eye upon inspection of Figure 10. For all three
galaxies, and all three elemental abundances, the abundance
ratios of the accreted populations are in good agreement
with those of the in situ populations at same metallicity.
This is the case for all the 15 galaxies meeting our selection
criteria. It is also the case for all the other elemental abun-
dances tracked by EAGLE. This result is also fully consis-
tent with the analytical model presented in Figure 2, which
shows that the early chemical evolution of a Milky Way-like
galaxy and its satellite are similar. We conclude therefore
that the seeming continuity between the abundances of the
accreted and in situ populations in Figure 9 is in fact not
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Figure 10. Chemical compositions of stellar particles in Milky Way-like galaxies in the EAGLE simulations. Shown are three examples
of a sample of simulated galaxies selected with masses similar to that of the Milky Way, which underwent a massive accretion event at
z ≥ 2. Red countours indicate the distribution of stars belonging to the accreted system, and black contours indicate the distribution of
stars formed in situ. Contouring starts at 10 stars per bin, increasing logarithmically in 0.5 dex steps. In all systems, for all abundances
tracked by EAGLE, the accreted stars follow a smooth trend with the in situ populations.
surprising, but actually an expectation from theory, at least
for the elements whose chemical evolutions are modelled by
EAGLE.
This is a very important result, the implications of
which configure the proverbial double-edged sword. On one
hand the theoretical predictions for the locus of accreted
populations in chemical space cannot rule out the accreted
nature of the IGS. On the other, it cannot ascertain it ei-
ther, as the apparent continuity between the chemistry of
the IGS and its in situ populations could alternatively be a
by-product of pure in situ chemical evolution.
To find our way out of this conundrum we invoke rel-
ative number counts in chemical space. In trying to under-
stand the apparent chemical continuity between the accreted
and in situ populations in Figure 9 we ask the following ques-
tion: is the distribution of stellar data on abundance planes
consistent with the accreted population being an additional
structure, or do the number counts suggest that it is just
the tail end of the distribution of the in situ populations? In
the next section we address this question in a quantitative
fashion.
5.2 Substructure in Chemical Space
5.2.1 Matching the distribution with multiple components
In this Section we tackle the problem of understanding
the apparent chemical continuity between the IGS and its
more metal-rich inner Galaxy counterparts (Figure 9) from
a purely observational perspective. We center our approach
around the following question: can the stellar density distri-
bution in chemical space be described by a discrete number
of detached substructures? Ness et al. (2013a) showed that
the bulge MDF can be well modelled by a combination of
five components, which they ascribe, in order of increasing
metallicity, to the inner halo, the metal-poor thick disk, the
bulk of the thick disk itself, the bar, and the thin disk. Some
of these peaks can be identified in our raw MDF in Figure 3,
although a one-to-one mapping with the Ness et al. (2013a)
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Figure 11. Left Panels: Distribution of stars with RGC < 4 kpc in various chemical planes; middle panels: Gaussian Mixture Modelling
(GMM) of substructure of the data distribution on the same chemical planes; right panels: residuals from GMM fit. A satisfactory match
to the density distribution of data points is obtained by adopting five detached yet overlapping substructures. Each of those correspond
to peaks in the metallicity distribution function of bulge populations (Ness et al. 2013a), after accounting for zero point differences in
[Fe/H].
MDF is quite difficult due to differences in the two metallic-
ity scales and in the relative strengths of the various peaks
(recall that our MDF is not corrected for selection effects),
and the uncertainties associated with multiple gaussian fit-
ting in 1D space. These difficulties are particularly impor-
tant towards low metallicity, where the statistics is not as
robust and the results of abundance analysis may be afflicted
by important systematics.
The exceptional quality of our detailed chemical com-
positions comes in handy in this juncture. By considering
the distribution of our sample in higher dimensional space
we hope to gain additional leverage in distinguishing the dif-
ferent components making up the stellar population mix of
the inner Galaxy. The stellar distribution on some chemical
planes, such as [Mg/Mn]-[Al/Fe] and [Al/Fe]-[Fe/H], show
a clumpy distribution which suggests that the data may be
amenable to such an approach. In other words, one should
be able to model the stellar density distribution in chemi-
cal space as a combination of overlapping structures, which
are not necessarily connected to one another. To test this
hypothesis we check whether the stellar density distribution
in a few chemical planes can be reproduced by a Gaussian
Mixture Modelling (GMM) approach. Obviously a Gaussian
distribution is only a zero-th order approximation to the
stellar density distributions in chemical space. A massive
stellar system such as, for instance, the Galactic disk, under-
went star formation long enough that the run of the number
of stars with metallicity and abundance ratios is strongly
determined by the star formation history. Conversely, in a
less massive system whose star formation was quenched dur-
ing an early accretion to a massive halo, the distribution of
stellar metallicities should be narrower and thus the GMM
approach may work better.
We are particulary concerned with modelling the metal-
poor end of the metallicity distribution to check whether
the IGS is detached from its more metal-rich peers in the
inner Galaxy. The key measure of chemical detachment of
the IGS from its more metal-rich counterparts in the inner
Galaxy is provided by the ability of a GMM approach to
account for the density distribution of the IGS, so that no
important residual connection between that and the other
populations is left after model subtraction (although some
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residual should be expected given the contamination by in
situ populations discussed in Section 3).
The sample for analysis is displayed in the left panels
of Figure 11. It consists of all stars within RGC < 4 kpc, but
removing outliers with [Al/Fe]>+0.5, as their abundances
are affected by the N-rich-star phenomenon (Schiavon et al.
2017). We also removed relatively metal-poor stars with low
[Mg/Fe] ([Fe/H]<–0.5 and [Mg/Fe]<+0.15), which have high
orbital energy and are not associated with the IGS, but
rather with the GE/S system (see Section 6.1.1 and Fig-
ure 12). The stars thus selected are shown in three chem-
ical planes, where the 2D histograms are cast in terms of
probability density. On the top row, stars are displayed in
the [Mg/Mn] vs [Al/Fe] plane, and on the middle and bot-
tom rows their distribution can be seen on the Mg-Fe and
Al-Fe planes, respectively. According to our definition (Fig-
ure 1), accreted stars occupy the upper left quadrant of the
[Mg/Mn]-[Al/Fe] plane (top left panel of Figure 11). On the
other planes, accreted stars are located in the low metallicity
end of the distribution ([Fe/H]<∼–1). We fit a separate GMM
to the distribution of these stars on each of the three chem-
ical planes. The ideal number of components was decided
by calculating the Bayesian Information Criterion (BIC) for
each fit. We found that the best match is found when ei-
ther 4 or 5 components are adopted. We allow the mean
and covariances of each component to be entirely free with
no informative or uninformative priors. The GMMs for the
5 component case are overlaid on the data in the middle
panels of Figure 11. The standard deviation of the residuals
around the fits are 0.23, 0.19, and 0.17 for the top, middle,
and bottom panels, respectively.
The residuals after subtraction of the best fit models
and the data are displayed in the right panels. The residuals
are relatively small, and slightly larger towards higher metal-
licity, which reflects the much larger stellar density in that
regime. When normalized by the Poisson fluctuations per
bin, the residuals are homogeneously distributed across the
planes, and are everywhere smaller than ∼ 2σ of the Poisson
uncertainty in each bin. These numbers suggest that the dis-
tribution of the stellar density in the locus of accreted stars
is well accounted for by the GMM approach, showing that
they can be matched by a simple combination of detached,
yet overlapping structures. Interestingly, the GMM fit to the
stellar distribution in the Mg-Fe plane highlights the fact
that the lowest metallicity component has a slightly lower
[Mg/Fe] than the next one in order of increasing metallicity.
This result supports the notion that the most metal-poor
component is dominated by an accreted stellar population,
as one would expect [Mg/Fe] to be constant in an in situ pop-
ulation within the metallicity interval involved. Also quite
importantly, even though the GMM match was performed
independently to the data on the three chemistry planes, the
associations of stars to a given group were largely consistent
across the three models, which attests for the reality of these
groups.
5.2.2 Breaking the MDF degeneracy with additional
chemistry
The five-component match identifies peaks located at
[Fe/H] ∼ –1.3, –0.8, –0.5, and –0.2 and +0.3, which are very
roughly consistent with the five MDF peaks identified by
Ness et al. (2013a), after allowing for a ∼0.2-0.4 dex dif-
ference between the zero points of the metallicity scales of
the APOGEE and ARGOS surveys (see, for instance, the
positions of the peaks in the APOGEE bulge MDF deter-
mined by Garc´ıa Pe´rez et al. 2018, and Rojas-Arriagada et
al. 2020, in prep.). The bulge MDF has been analysed ex-
haustively in recent work based, e.g., on the ARGOS (Ness
et al. 2013a), Gaia-ESO (Rojas-Arriagada et al. 2017), and
APOGEE (Schultheis et al. 2017; Garc´ıa Pe´rez et al. 2018)
surveys. The number of peaks in the bulge MDF, which
in turn constrains the number of physically distinct com-
ponents cohabiting the bulge, have been subject to debate
in the recent literature (see discussion by Fragkoudi et al.
2018).
We do not aim at a detailed analysis of the topic in this
paper. However, we wish to highlight the fact that the con-
sideration of additional abundances helps untangling the two
most metal-poor populations in our sample. The task of dis-
entangling these populations in the MDF of Figure 3 is far
from straightforward, as the distributions of these compo-
nents overlap strongly in one-dimensional metallicity space.
However, consideration of additional elemental abundances
lifts the degeneracy between these components, bringing
them to sharp relief on elemental abundance planes such
as those in the middle and bottom rows in Figure 11.
The analysis presented in Section 5.2 leads to a few
important conclusions: (i) the distribution of the numbers
of stars over various chemical planes can be modelled by
the combination of overlapping yet detached sub-structures.
This is particularly true in the low metallicity end, where
residuals are the lowest, adding further support to the notion
that the IGS has an accreted origin; (ii) the fit in the Mg-Fe
suggests that the [Mg/Fe] distribution of the lowest metallic-
ity component is suggestive of an accretion origin; and (iii)
the GMM method consistently picks out the same substruc-
tures in various chemical planes, involving the abundances of
Fe, Mg, Al, and Mn. The metallicities of these substructures
are a reasonably good match to those of well known peaks
in the MDF of the Galactic bulge (Ness et al. 2013a). This
latter result validates the application of the GMM method
to describe the distribution of stellar data in chemical space.
6 DISCUSSION
We start this section by briefly summarising our results be-
fore proceeding with a discussion of their implications. In
Sections 4 and 5 we discussed evidence for the presence of
a remnant of an accretion event in the inner Galaxy, on the
basis of the existence of substructure in orbital and chem-
ical space. While the whole body of evidence for accretion
is strong, when considered in isolation, our interpretation of
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either dynamical or chemical evidence may reasonably be
called into question.
The evidence from the orbital side hinges on two main
results: (i) the statistically significant differences in orbital
properties between the accreted stars and their more metal-
rich in situ counterparts in the inner Galaxy (Figures 6 and
7); (ii) the existence of an energy gap separating the IGS
from other metal-poor halo substructure. The presence of
this energy gap seems to be immune to selection effects, since
it is absent in chemically defined metal-poor in situ popu-
lations (Figure 4), whose spatial distribution, uncorrected
for selection effects, is the same as that of their accreted
counterparts.
It is important to note, however, that when RGC <
4 kpc stellar populations are considered in isolation, there
is a smooth dependence of orbital properties on metallicity,
which could be accommodated by a fully in situ scenario.
On the other hand such smooth behaviour would also be
expected in the accreted case, given that the orbital and
chemical properties of substructures overlap strongly due to
a combination of observational error and cosmic variance.
On the chemistry side, evidence for accretion relies on
(i) the similarity between the chemical composition of the
IGS and those of satellites of the Milky Way and other ac-
creted systems (Figure 13), and (ii) the presence of clumpi-
ness of the stellar distribution in various chemical spaces
(Figures 1 and 11). Regarding (i), we showed that the chem-
istry of unevolved in situ populations are also similar to that
of their accreted counterparts (Figure 2). Moreover, there is
an apparent continuity between the chemical compositions
of the IGS and its bulge counterparts (Figure 9). However
we also showed that similarity between the chemical com-
positions of accreted and in situ populations is an actual
expectation from cosmological numerical simulations (Fig-
ure 10). Regarding (ii) we showed that the data in chemical
space can be well matched by the combination of detached
substructures (Figure 11). However, one cannot rule out that
such clumpiness is the result of a bursty history of star for-
mation and chemical enrichment.
Despite the above caveats, when considered in aggre-
gate, chemical and orbital information suggest the pres-
ence of a previously unidentified structure located in inner
Galaxy, the IGS. We hypothesise that this structure is the
remnant of a galaxy accreted to the Milky Way in its very
early life. In the next Subsections we discuss the properties
of the hypothetical progenitor of the IGS. In Section 6.1
we discuss the origin of the metal-poor populations in the
Galactic bulge, in Section 6.2 we discuss the properties of
the putative progenitor of the IGS; and in Section 6.3 we
present a speculative scenario for the early evolution of the
Milky Way halo.
6.1 The origin of metal-poor bulge stars
In this Section we estimate the contribution of accreted and
in situ stars to the metal-poor star content of the Galactic
bulge, and contrast that estimate with predictions from fully
in situ chemical evolution models.
Figure 12. Left panel: Data for metal-poor stars ([Fe/H] < −0.8)
are displayed on the chemistry plane used to distinguish ac-
creted from in situ populations. The dividing line is the same
as shown in Figure 1. The 2D histogram shows metal-poor stars
at RGC > 4 kpc, and the red (green) dots represent accreted
(in situ) stars in the inner Galaxy. A clear bimodal distribu-
tion in [Al/Fe] is visible in the data for both the inner and outer
Galaxy. Right panel: Same stars displayed on the energy-angular
momentum plane. The data for the outer Galaxy are dominated
by the GE/S and Splash systems. In the inner Galaxy, the ac-
creted sample is dominated by the IGS, but about 1/10 of the
sample is consistent with an association with the GE/S system
(E > −1.85 × 105 km2 s−2). The in situ sample is dominated by
thick disk stars, although a small fraction seems to belong to the
Splash. Note that the distributions of accreted and in situ stars
in IoM space are different at a statistically significant level (see
Section 4.2).
6.1.1 Contribution by accreted and in situ formation to
the stellar mass budget
We begin by assessing the relative contribution of accreted
and in situ stars to the metal-poor stellar mass budget of the
inner Galaxy. The data shown in Figure 12 may help shed
light on this question. We display metal-poor stars ([Fe/H] <
−0.8) on the [Mg/Mn] vs. [Al/Fe] plane, which we used in
Section 2 to distinguish accreted from in situ populations
(Figure 1). The underlying 2D histogram shows the metal-
poor populations located at RGC > 4 kpc. The dividing line
defining the border between accreted (upper left quadrant)
and in situ populations is also shown. Inner Galaxy stars in
the accreted (in situ) region of the diagram are shown in
red (green). A clear bimodal distribution of [Al/Fe] data for
the stars in the inner Galaxy can be seen. In total, there
are 430 stars in the accreted area of this chemical plane,
and 602 stars in the in situ region. Recall, moreover, that in
Section 4.2 we estimated that the chemically-defined sample
of metal-poor accreted stars within the IGS region of E − LZ
space was contaminated by thick disk stars at the 22–40%
level. Accounting for that additional factor, we estimate that
approximately 25–33% of the stars with [Fe/H]<–0.8 in our
inner Galaxy sample have an accreted origin.
The right panel of Figure 12 shows the distribution of
accreted and in situ stars on the E − Lz plane. The accreted
star sample is dominated by low energy stars, mostly associ-
ated to the IGS. About 10% of the accreted stars are located
at high energies and are likely stars associated to the GE/S
system (large gray blob) which are currently crossing the
inner Galaxy. Notably, very few in situ stars (green points)
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have such high energies. They predominantly occupy the low
energy region of the plane, with a number of stars positioned
along the Splash (to the right of GE/S, see green arrow in
Figure 4).
Other studies have spotted duplexity in the proper-
ties of metal-poor bulge samples, which may be attributed
to the presence of a mix of accreted and in situ popula-
tions. Pietrukowicz et al. (2015) identified two major se-
quences in the period-amplitude plane for a large sample
of fundamental-mode RR Lyr variable stars. The two pop-
ulations differ slightly in metallicity, with the more metal-
poor population outnumbering their metal-rich counterparts
by approximately a factor of 4. Those authors suggest that
this duality is indicative of merging activity in the early
history of the Milky Way bulge. Kunder et al. (2020) ob-
tained radial velocities for a few thousand RR Lyrae stars
from the Pietrukowicz et al. (2015) sample and determined
the presence of two kinematically distinct populations. One
population follows bar-like orbits and the other one is more
centrally concentrated, being characterised by hotter kine-
matics. They suggest that the latter may result from an
accretion event that preceded the formation of the bar.
On the theory side, cosmological numerical simulations
predict relatively intense accretion activity in the first few
Gyr of massive galaxies’ lives. They have reached a degree
of sophistication that enables a quantitative confrontation
with our data. Early numerical simulations by Kobayashi &
Nakasato (2011) propose that the bulge was fully formed by
the merger of galaxies with M ∼ 5 × 109 M at z >∼ 3. On
the other hand, the more recent EAGLE simulations provide
more detailed information that can be compared with our
data. For instance, in the simulated galaxies whose abun-
dances are displayed in Figure 10, the fraction of accreted
stars within 4 kpc of the centre for [Fe/H] < −1 varies from
0.10 to 0.55. Along the same lines, the analysis of FIRE sim-
ulations by El-Badry et al. (2018) finds that same fraction
within 1 kpc of simulated Milky Way-like galaxy centres to
be around 0.5. More recently, Fragkoudi et al. (2020) anal-
ysed high resolution data for Milky Way-like galaxies from
the Auriga suite of cosmological numerical simulations. They
found that the fraction of the stellar mass with [Fe/H]<–1
within 4 kpc of the centre that has an accretion origin to
vary between 0.13 and 0.8. Moreover, for the two simulated
galaxies matching the properties of the Milky Way best, that
fraction was smaller than 0.4.
Considering all the uncertainties on the observational
and theoretical fronts, and taking into account the relative
arbitrariness of the spatial and [Fe/H] limits adopted in such
comparisons, our results broadly confirm the predictions by
numerical simulations from various groups. Obviously, bet-
ter statistics on both the observational and numerical simu-
lation fronts will be required for such data to provide strin-
gent constraints on models.
6.1.2 A Fully in situ bulge?
It is encouraging that the main tentative result presented
in this paper does not fall into a theoretical void, that it
is in consonance with expectations from cosmological nu-
merical simulations. Recourse to theoretical predictions to
validate an observational result is nonetheless methodologi-
cally, and indeed philosophically, unsound. Thus, before dis-
cussing the properties of the putative progenitor of the IGS,
it behooves us to mention theoretical predictions by vari-
ous groups which match data for bulge stellar populations
without resort to satellite accretion.
The history of modelling the chemo-kinematic proper-
ties of bulge stellar populations is decades long, so that pay-
ing tribute to all the excellent work done in the past is be-
yond the scope of this paper. For that we refer the reader
to Section 4 of the review by Barbuy et al. (2018). We re-
strict our discussion to recent work by Matteucci et al. (2019,
2020), because to our knowledge it is the only instance of a
detailed comparison betwen model predictions and multiple
chemical compositions for a large sample based on APOGEE
data. Their analytical model for the history of star forma-
tion and chemical enrichment of the bulge stellar popula-
tions provides a good match to the MDF (Matteucci et al.
2019) and the abundances of O, Mg, Si, Ca, Al, K, Mn,
Cr, and Ni. While such models resort to ad hoc assumptions
about gas infall for different Galactic components, and some
non-negligible amount of yield adjustment, they match the
observed data very well. The implication is that the fraction
of the stellar mass within the bulge that is due to accretion is
zero at all metallicities. In that scenario, the entirety of the
bulge stellar populations, including those deemed accreted
by our criteria described in Figure 1, were actually formed
in situ.
In light of our discussion in Section 3, where we showed
that in situ and accreted populations share a similar path
in chemical space (Figure 2), the results by Matteucci et al.
(2019, 2020) are not surprising. As pointed out in Section 6,
orbital information such as that discussed in Section 4 is
indeed required for that distinction to be made. Moreover,
recall that according to our criteria there are 463 accreted
stars out of a total sample of 6,350 stars within 4 kpc of the
Galactic centre. Assuming a contamination at the 22–40%
level of the accreted sample by in situ thick disk stars, the
total accreted stellar mass amounts to only ∼4–5% of our
sample5. Therefore, as far as the chemical evolution of the
bulge is concerned, Matteucci’s work offers, at face value
and without consideration of the Milky Way’s insertion into
the cosmological context, a viable in situ formation scenario
that can possibly explain the chemical compositions of vast
majority of the stellar populations therein. Notwithstand-
ing this remarkable success, accounting for the considerable
morphological and kinematic differences between the over-
lapping components within a few kpc of the Galactic centre
under a single unified chemodynamical evolutionary picture
remains a challenge.
While the IGS contributes a very small fraction of the
stellar mass of the Galactic bulge, it is a major contributor
to the stellar mass budget of the stellar halo. Therefore, it
5 Note however that our data are not corrected for selection ef-
fects, so this is an order of magnitude estimate
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is important to give further consideration to the reality of
its discrimination as a separate system, which is the topic of
the next sub-section.
6.1.3 Core of Gaia-Enceladus/Sausage?
Recent studies based on N-body simulations (e.g., Jean-
Baptiste et al. 2017; Koppelman et al. 2020) have shown
that substructure in kinematic and orbital planes cannot be
ascribed to individual accretion events in a straightforward
manner. In particular, Jean-Baptiste et al. (2017) simulated
the evolution of orbital properties of accreted and in situ
populations in the event of accretion by single and multiple
satellites with varying merger mass ratio. The main conclu-
sions from that work have consequences for the interpreta-
tion of our results.
Firstly, Jean-Baptiste et al. (2017) show that distribu-
tions on the E − Lz plane that resemble qualitatively those
presented in Figures 4 and 8 can result from the accretion
of one single satellite with a 1:10 mass ratio. It can be seen
from their Figure 2 that several Gyr after the occurrence of
the accretion event, satellite remnants are distributed across
a large range of energies and angular momenta, spanning the
loci occupied by both the IGS and GE/S in Figure 8. Most
of the substructure in orbital space in their simulations is
associated to the accreted populations, including low energy
clumps resembling that characterising the IGS in Figure 4.
By the same token, the distribution of the in situ population
is a lot smoother and strikingly similar to the distribution
in the upper panel of Figure 4 (minus the Splash). Their
simulations also show that accretion moves stars formed in
situ into high energy and low angular momentum orbits,
where accreted stars are usually found. In fact, in situ stars
contribute to some of the substructure on the E − Lz plane,
although not at the same level as the accreted populations,
which dominate the substrucutre, particularly at low energy.
Along the same lines, Koppelman et al. (2020) analysed a set
of N-body simulations that match the observed properties
of the GE/S debris today. According to those simulations,
the core of the accreted satellite spirals in and is dissolved,
with some of the stars acquiring slightly prograde orbits.
On the basis of such simulations one might reasonably
argue in favour of a scenario in which the GE/S and the IGS
are both part of the same progenitor. In that situation, one
could conceive that the core of GE/S, being more massive
and denser than the outskirts, could have sunk into the inner
Galaxy under the effect of dynamical friction, leaving its less
bound stellar tenants behind to be observed in higher energy
orbits today, where GE/S stars are found (c.f. Figure 4).
It is not easy to reconcile such a scenario with the rela-
tive distribution of IGS and GE/S data in chemical space in
Figure 13. Stars belonging to the IGS on average present
higher mean [Mg/Fe] and lower mean [Fe/H] than their
GE/S counterparts. As pointed out in Section 6.2, the IGS
lacks a substantial “knee-shin” component to its distribution
in the Mg-Fe plane, unlike the GE/S. Note that these differ-
ences exist despite the fact that the chemical criteria defining
both samples are identical. The IGS is clearly less chemically
evolved than the GE/S. Therefore, if the IGS was indeed
the core of the GE/S, that hypothetical progenitor system
would be characterised by a positive metallicity gradient in
the early universe. Galaxies in the nearby and intermediate
redshift universe are predominantly characterised by nega-
tive metallicity gradients (e.g., Stott et al. 2014; Goddard
et al. 2017). That is also the behaviour of satellites of the
Milky Way such as the Magellanic Clouds (e.g., Cioni 2009)
and the Sagittarius Dwarf (e.g., Hayes et al. 2020). This is
understood as being due to the fact that star formation in
galaxies takes place in an inside-out manner, since their cen-
tral regions evolve more quickly than their outskirts, due to
availability of larger amounts of gas for star formation. On
the other hand, higher redshift galaxies with positive metal-
licity gradient have been identified, an occurrence that may
be caused by strong winds associated with intense star for-
mation in the centres of dwarf galaxies at z ∼ 2 (e.g., Wang
et al. 2019). It is not clear however how prevalent that phe-
nomenon is.
Secondly, it is worth highlighting additional results pre-
sented by Jean-Baptiste et al. (2017) where simulated Milky
Way-like galaxies undergo 1:10 mergers with more than one
satellite. Those lead to very thorough mixing of the stars
from different satellites in orbital space, particularly in the
low energy region of the E − Lz plane, where the IGS was
identified. This suggests that our accreted sample should in-
clude stars from more than one satellite in the low energy
regime. Under that light our result above is surprising. Even
if the IGS and the GE/S were indeed separate systems, we
would expect that some of our low energy accreted stars
show an abundance pattern consistent with an association
with the GE/S. On the contrary, it is only the high energy
stars (E/105 >∼ −2 km2s−2) in our bulge accreted sample (c.f.
Figure 12) that possess abundances that are consistent with
an association with the GE/S.
We conclude that it is unlikely, though not impossible,
that the IGS is the core of the Gaia Enceladus/Sausage sys-
tem. That would require that the progenitor of the Gaia
Enceladus/Sausage system have a slightly positive metallic-
ity gradient and have a core that is less chemically evolved
than its outskirts, which is uncommon.
6.2 The Properties of the IGS Progenitor
In the previous Sections we showed that the inner ∼4 kpc of
the Milky Way hosts a stellar population with the following
properties: (i) it presents a chemical composition that resem-
bles those of accreted systems (e.g., Hayes et al. 2018; Mack-
ereth et al. 2019; Helmi 2020); (ii) it is detected as substruc-
ture in IoM space; (iii) on average it presents slower rota-
tion, higher vertical action, and slightly higher radial action
than metal-rich bulge populations; (iv) it is chemically de-
tached from its metal-rich counterparts. In aggregate these
properties suggest the presence of an accreted stellar pop-
ulation within 4 kpc of the Galactic centre. In this Section
we use the observed properties of the remnant population
to estimate the mass and history of the putative progenitor
system. This is achieved through comparison with data for
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a better known accreted system (GE/S) and the predictions
of the EAGLE simulations.
In Figure 13 we compare the chemical properties of the
IGS with those of the GE/S system (Haywood et al. 2018;
Belokurov et al. 2018; Helmi et al. 2018; Mackereth et al.
2019), a massive satellite (M? ∼ 108.5M Mackereth & Bovy
2020), that was accreted to the Milky Way about 8-10 Gyr
ago. For details on the selection of GE/S stars, see Figure 8
and related discussion. We ignore, for the sake of simplic-
ity, any selection effects that may bias the relative distri-
bution of chemical properties of the observed stellar pop-
ulations associated with the two galaxies. In other words,
we assume that the samples displayed in Figure 8 repre-
sent the bulk of the populations of the two systems. Conse-
quently the conclusions drawn from comparison of the IGS
and GE/S should be considered qualitative, and subject to
revision should that assumption be demonstrated to be in-
correct. With that caveat in mind, Figure 13 displays stars
from the two systems on various abundance planes. The IGS
is represented by red symbols, the GE/S as blue symbols,
and the parent sample, which is dominated by stars from
the high- and low-α disks, is plotted as gray-scale 2D his-
tograms. The data show that stars belonging to the IGS
have slightly higher average Mg, Ni, C, and N abundances
than those of GE/S at [Fe/H] ∼ −1. This result suggests
that the progenitor galaxy of the IGS was likely more mas-
sive than GE/S. We recall that Mackereth et al. (2019) used
predictions from the EAGLE numerical simulations to esti-
mate the stellar mass of GE/S. In particular, they showed
that the mean [Fe/H] and [Mg/Fe] of the stellar particles as-
sociated with dwarf simulated galaxies were good indicators
of stellar mass (see Figure 11 of Mackereth et al. 2019).
We resort to that predicted relation between mass and
chemistry in order to estimate the mass of the progenitor
of the IGS. We used the scipy curve_fit optimisation rou-
tine to fit the data for satellites of Milky Way-like galaxies
in the L0025N075-RECAL simulation (see Mackereth et al.
2019, for details) with a bivariate M?([Fe/H],[Mg/Fe]) rela-
tion. Only galaxies with at least 20 star particles were in-
cluded in the fit, excluding all galaxies with M? < 107.5M
or 〈[Fe/H]〉 < −2.0.
The equation that describes the trend is the following:
log M? = 10.28 + 2.18 〈[Fe/H]〉 + 3.60 〈[Mg/Fe]〉
−0.30 〈[Fe/H]〉 × 〈[Mg/Fe]〉 (2)
Where the zero-th order term has been adjusted to
match the mass inferred by Mackereth & Bovy (2020) for
GE/S, 3 × 108M, and adopting the following mean val-
ues: 〈[Fe/H]〉GE/S = −1.20, 〈[Mg/Fe]〉GE/S = +0.20. In this
way, the theoretical relation is used in a strictly relative
way, to minimise uncertainties. From our IGS, we have
mean 〈[Fe/H]〉IGS = −1.26, 〈[Mg/Fe]〉IGS = +0.30, resulting in
M? ∼ 5×108M for the progenitor of the IGS, or about twice
the mass of GE/S6. Consequently the progenitor of the IGS
6 For these estimates we lifted our original constraint on [Fe/H] >
−1.7 (c.f. Section 2) to avoid biasing our mean abundance values.
is likely to have been an important contributor to the stellar
mass budget of the Milky Way halo.
The distribution of the data for the IGS in the Mg-Fe
plane may be used to constrain the history of star formation
of the progenitor, and thus the time of accretion. One cannot
help but notice the fact that the data for the IGS and GE/S
differ in one fundamental aspect: our IGS sample has almost
no stars with [Fe/H] >∼ −1, and some of them are likely thick
disk contaminants (see Section 5). That is the regime where
the GE/S displays a strong decline in [Mg/Fe] for increasing
[Fe/H], associated with the onset of enrichment by SN Ia,
which takes place on a timescale of ∼ 108−9 year (e.g., Maoz
et al. 2012; Nomoto et al. 2013). Assuming we are not be-
ing deceived by an unforeseen selection effect, the absence
of this more metal-rich population in the data for the IGS
may indicate an early quenching of star formation, likely as-
sociated with the accretion to the Milky Way at a very early
time.
This result confirms theoretical expectations from the
E-MOSAICS simulations by Pfeffer et al. (2020) and the
EAGLE predictions for the chemical compositions of early
accreted satellites (Figure 10). Based on an analysis of the
expected orbits of globular clusters connected with accreted
satellites in the simulations, those authors concluded that
the orbits of surviving accreted clusters tend to have lower
energies if their host satellites were more massive and/or
were accreted at higher redshifts. Furthermore, this observed
truncation at [Fe/H] ∼ −1 is in agreement with results from a
previous study by our group (Horta et al. 2020), where the
chemical compositions of Galactic GCs in APOGEE were
studied. In that paper we showed that the more metal-poor
half of the GCs associated with the L-E subgroup, whose
position in IoM space coincides with that of the IGS, have
chemical compositions that are consistent with an accreted
origin. It is possible that the more metal-rich GCs have an
in situ origin, associated with the thick disk (see Figure 3
from Horta et al. 2020).
As pointed out in Section 4, the locus of the IGS in
IoM space matches closely that of the L-E family of globu-
lar clusters identified by Massari et al. (2019). Those authors
showed that the L-E clusters followed a tight age-metallicity
relation, suggesting that they might be associated with a
massive satellite. Indeed, both the orbital properties and
time of accretion of the progenitor of the IGS agree with the
predictions by Kruijssen et al. (2019b, 2020) for the Kraken
accretion event. According to those authors, the Kraken was
a satellite of the Milky Way that was accreted within the first
few Gyr of the Galaxy’s existence (see also Forbes 2020).
The prediction is based on a detailed comparison of the
ages, metallicities, and orbital properties of the Milky Way
globular cluster system with predictions of the E-MOSAICS
suite of cosmological numerical simulations (Pfeffer et al.
2018; Kruijssen et al. 2019a). Although the specific iden-
tities of the globular clusters associated to the Kraken or
the L-E group are not unique, their median metallicities are
roughly similar to that of the IGS ([Fe/H]∼ −1.5 and −1.24,
respectively). The orbital properties of those globular clus-
MNRAS 000, 1–22 (2020)
18 Horta et al.
Figure 13. Comparison between the IGS (red symbols) and
Gaia-Enceladus/Sausage (GE/S, blue symbols) in chemical space.
The data for the parent sample are also plotted (gray), to mark
the positions of the low and high-α disks in these diagrams. The
IGS is characterized by higher average [Mg/Fe], [(C+N)/Fe], and
[Ni/Fe] than GE/S while having approximately the same mean
[Fe/H]. This suggests that the progenitor of the IGS was slightly
more massive than GE/S. It is also noteworthy from the top
left panel that the locus occupied by the IGS lacks the declining
[Mg/Fe] sequence that is visible in the case of GE/S at [Fe/H]∼-
1.2 (the “shin” of the α-Fe relation). This may indicate an early
truncation of star formation.
ters, with apocentric distances between 3 and 5 kpc, are also
consistent with an association with the IGS.
Finally, Kruijssen et al. (2020) estimate the stellar mass
of the Kraken to be ∼ 2 × 108M, or approximately 70% of
the mass of GE/S. Our estimate from equation (1) is that
the progenitor of the IGS is about twice as massive as the
Kraken, and approximately twice the mass of GE/S. Consid-
ering the uncertainties associated with the various methods,
we do not deem the absolute differences worrying. Further
details on the physical properties of the progenitor of the
IGS, as well as a definitive association with the Kraken will
have to await a more careful examination of both upcoming
new data and predictions from improved numerical simula-
tions.
6.3 A speculative scenario
With the above caveats in mind, we conclude by summaris-
ing our speculative views on the most likely story implied
by the data presented in this paper. While the vast ma-
jority of the stars in the Milky Way were likely formed in
situ (e.g., Bland-Hawthorn & Gerhard 2016), it is gener-
ally agreed that, under a Λ-CDM framework, galaxies such
as the Milky Way experienced intense accretion activity in
their early lives (e.g., Naab & Ostriker 2017).
In Section 6.1.1 we found that somewhere between 1/4
and 1/3 of the metal-poor stars7 in the inner Galaxy were
accreted, and the rest were formed in situ. Our inability
to perfectly distinguish one group from the other leaves a
key question in the air: is there an evolutionary connection
between the two or were they formed and evolved in entire
isolation before co-habiting the inner few kpc of the Galaxy?
A possible sequence of events, is one whereby the most
metal-poor stars in the inner Galaxy were formed in situ,
followed by the early accretion of the progenitor of the IGS
which, under the effect of dynamical friction, took a quick
dive towards the heart of the young Milky Way. Assuming
the IGS brought with it fresh gas8, it is likely that dissi-
pation brought it to the Galactic centre, triggering a burst
of star formation which would influence the later course of
the chemical evolution in the inner Galaxy, explaining the
chemical continuity apparent in Figure 99.
It will be interesting to see whether such speculative
scenarios will survive scrutiny by more detailed observations
and sophisticated modeling and, if so, how it will jibe with
our understanding of the formation, evolution, and interac-
tion between other structures co-habiting the inner Galaxy.
7 CONCLUSIONS
We report evidence to the existence of an accreted struc-
ture located in the inner Galaxy (the IGS). To reveal its
existence we resorted to a search for clustering in multi-
dimensional parameter space, based on the best available
data from APOGEE and Gaia, and astroNN distances. This
structure consists of a metal-poor population with detailed
chemistry resembling that of low mass satellites of the Milky
Way with low abundances of Al, C, N, and Ni. It is chem-
ically and dynamically detached from the more metal-rich
populations with which it shares its location in the heart
of the Galaxy, and from other accreted populations across
the Milky Way halo. We suggest that this population is the
remnant of a satellite that was accreted early in the his-
tory of the Milky Way. The chemistry of this population is
characterised by a plateau of relatively high [Mg/Fe] and the
absence of a“knee”towards higher [Fe/H] indicating an early
quenching of star formation activity, which is consistent with
a very early accretion event. Comparison with mean chemi-
cal composition predictions from numerical simulations, we
infer a stellar mass of M? ∼ 5 × 108M, or approximately
twice that of the Gaia-Enceladus/Sausage system. If indeed
its existence is confirmed by further investigation, one would
7 Which themselves amount to only ∼5% of the stellar mass bud-
get of the Galactic bulge (see Ness et al. 2013b)
8 This assumes ram pressure stripping was not important, which
may be reasonable. Ram pressure stripping is proportional to v2
and since the IGS is located at the Galactic centre, the putative
merger must have occurred at a low velocity.
9 Along similar lines, Whitten et al. (2019) proposed that the
steep age gradient of stellar populations in the inner halo (RGC <
14 kpc), inferred from BHB star mean color gradients, can be
possibly associated with occurrence of a few dissipative mergers
in the early Milky Way history.
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be led to conclude that its progenitor was a major building
block of the Galactic halo, which has until now remained elu-
sive due to its location behind a curtain of extinction and
foreground crowding. The orbital and chemical properties of
the IGS, the implied time of accretion, and the mass of its
progenitor are in good qualitative agreement with those pre-
dicted by Pfeffer et al. (2020) and Kruijssen et al. (2020).
We summarise below the main implications and questions
raised by this finding:
• According to our favoured interpretation of the data,
the IGS is a remnant of a satellite galaxy accreted to the
Milky Way a long time ago. That such an accretion event
happened in the Milky Way’s very early history is an expec-
tation from cosmological numerical simulations that predict
an intense accretion activity in massive galaxies at z ∼ 2 − 3
(e.g., El-Badry et al. 2018; Pfeffer et al. 2020; Fragkoudi
et al. 2020). The Milky Way itself may have been the sub-
ject of unusually strong accretion activity at those early
times, which may explain observed properties of its disk and
halo populations (e.g., Mackereth et al. 2018; Schiavon et al.
2020);
• We present evidence for an accretion event that took
place before the main structures of what we understand to-
day as the Galactic bulge were ever formed. Thus, the IGS
should be viewed as a major building block of the Galactic
halo, rather than a very minor component of the Milky Way
bulge, to whose stellar mass budget it contributes no more
than a few percent. The vast majority of the stars in the
bulge today were most likely formed in situ (e.g., Kunder
et al. 2012; Di Matteo 2016; Debattista et al. 2017; Fragk-
oudi et al. 2018).
• The abundance ratios of stars associated with the IGS
are well aligned with the sequence occupied by more metal-
rich populations located within the inner ∼4 kpc of the
Galactic centre. Naively, that would be a surprising result,
as one may expect that accreted and in situ populations
might have undergone distinct early histories of star forma-
tion and chemical enrichment. We show that numerical sim-
ulations actually predict such seeming continuity between
the loci occuppied by accreted and in situ populations in all
abundances tracked by the EAGLE simulations.
• As a logical path for further enquiry, one would like
to explore at least three possible avenues: (i) verify whether
models can match the distribution of stellar density in chem-
ical space, which may be a key discriminator between accre-
tion and in situ formation scenarios; (ii) contrast accreted
and in situ populations in other abundance planes including
elements that sample additional nucleosynthetic pathways,
such as those resulting from s- and r-process production.
(iii) contrast the age distributions of stars in the chemo-
dynamically defined accreted and in situ populations. All
these lines of investigation will benefit from additional data
made available in forthcoming observational efforts.
• The combined mass of the progenitor of the IGS and the
GE/S adds up to 8 × 108M. Considering mass estimates
for other accreted systems (e.g., Koppelman et al. 2019;
Forbes 2020; Kruijssen et al. 2020) and dissolved globular
clusters (Schiavon et al. 2017, Horta et al., 2020, in prep.),
the total mass in accreted satellites may be well in excess of
∼ 1.6 × 109M. Although all these mass estimates are sub-
ject to considerable zero point uncertainties, this result is,
at face value, in mild tension with independent estimates of
the total stellar mass of the Galactic halo (e.g., Deason et al.
2019; Mackereth & Bovy 2020).
• There seems to be an interesting connection between
the finding reported in this paper and the presence of a pop-
ulation of N-rich stars in the inner Galaxy (Schiavon et al.
2017), which is generally interpreted as resulting from the
destruction of an early population of globular clusters (e.g.,
Martell & Grebel 2010; Martell et al. 2016; Koch et al. 2019;
Savino & Posti 2019; Hanke et al. 2020; Ferna´ndez-Trincado
et al. 2020). The frequency of this population has been
shown to be larger by an order of magnitude within the in-
ner few kpc of the halo than in its outer regions (Horta et al.
2020, in prep.). Moreover, Kisku et al. (2020, in prep.) show
that roughly 1/4 of the N-rich population within ∼ 4 kpc
of the Galactic centre has elemental abundances consistent
with an accretion origin, and orbital properties that are simi-
lar to those of the IGS. In future work we intend to examine
how these finding jibe together vis a` vis our current un-
derstanding of the accretion history of the Milky Way and
models for globular cluster formation and destruction in a
cosmological context.
This paper presents an exploration of the chemical com-
plexity of the metal-poor bulge on the basis of a statistically
significant sample. The window into the bulge metal-poor
bulge populations will be further widened in the next data
release of APOGEE 2. Moreover, the Pristine Inner Galaxy
Survey (PIGS) is performing AAOmega+2dF spectroscopy
with the 3.9 m Anglo-Australian Telescope of ∼8,000 tar-
gets selected on the basis of CaHK photometry collected
with MegaCam on the Canada-France-Hawaii Telescope,
(Arentsen et al. 2020a) amassed the largest sample to date of
very metal-poor stars (∼1,300 stars with [Fe/H]< −2) in the
inner Galaxy. Detailed abundance analysis of such a sam-
ple will certainly shed light onto the nature of the early
populations of the bulge. Further into the near future, the
MOONS10 surveys of the Milky Way (Gonza´lez et al. 2020,
Messenger, in press.) will likely increase the sample of bulge
metal-poor stars with detailed chemical compositions by an
order of magnitude.
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APPENDIX A: HIGH- AND LOW-α DISKS IN
ACTION SPACE
In this appendix we briefly present the distribution of disk
stars in action space, to inform the discussion of accreted
and in situ populations in Section 4. We start by distin-
guishing high- and low-α disk stars. For that purpose we
display our parent sample on the Mg-Fe plane in Figure A1,
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Figure A1. Definition of high- and low-α disks on the Mg-Fe
plane. We added a ±0.04 dex “cushion” in [Mg/Fe] around the
dividing line in order to minimize inter-contamination between
the two samples.
where the lines defining each sub-sample are drawn on top of
the data. Metal-poor stars are removed in order to minimize
contamination by halo stars.
High- and low-α disk stars are displayed in action and
energy space in Figure A2. The arrows indicate the approx-
imate loci of stars belonging to the each sub-sample. The
orange arrow points to the location of low-α disk stars (e.g.,
Bovy et al. 2012; Bensby et al. 2014; Nidever et al. 2014;
Hayden et al. 2015; Mackereth et al. 2017; Queiroz et al.
2020), which are characterised by high angular momentum,
small energy scatter, and low radial (Jr) and vertical (Jz) ac-
tions. There are, however, outliers towards higher E, Jr , and
Jz, which are due to contaminants from the GE/S system
and possibly other accreted systems.
The high-α disk is dominated by two major structures.
For constant Lz, these two high-α subgroups occupy sig-
nificantly different and well separated values of Jr and en-
ergy. The most important for the purposes of this paper is
strongly rotational, overlapping substantially with the low-
α disk at high Lz, but also extending towards Lz ∼ 0 and
presenting larger scatter towards higher E, Jr , and Jz (ma-
genta arrow). The other component presents higher energy
at Lz/103 <∼ 1 kpc km s−1 and merges with the other com-
ponents at higher Lz, being associated with the Splash pop-
ulation (see Belokurov et al. 2019) (green arrow).
This paper has been typeset from a TEX/LATEX file prepared by
the author.
Figure A2. Distribution of high- and low-α disk populations in
action space. The orange arrow indicates the rough position of
the low-α/thin disk populations, the magenta arrow that of the
standard high-α/thick disk populations, and the green arrow that
of stars associated with the Splash.
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